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Proton Flux Anisotropy in Low Earth Orbit
Gregory P. Ginet, Bronislaw K. Dichter, Donald H. Brautigam, and Dan Madden

Abstract-Proton flux anisotropy as a function of altitude in Measurements of the EW effect so far reported have been con-
the South Atlantic Anomaly is investigated using data from the fined to the lower portion of the low Earth orbit (LEO) regime
Compact Environment Anomaly Sensor (CEASE) flown onboard between -- 250-400 km [2]-[6]. In this paper we present the first
the TrI-Service Experiment-5 (TSX-5) satellite from June 2000 to
July 2006. In a 410 km x 1710 km, 69 degree inclination orbit, study of the EW dose and proton flux anisotropies over the range
TSX-5 spanned a broad range of the low Earth orbit regime. of altitudes from 400-1700 km. Data in the epoch 2000-2006
Using measurements of total dose, integral energy flux >40 MeV from the Compact Environment Anomaly Sensor (CEASE) on-

0. and the differential flux at 40 MeV sorted into 3 degree latitude board the Tri-Service Experiment-5 (TSX-5) satellite is utilized.
0 x 3 degree longitude x 50 km altitide bins and averaged over Section I reviews the theory and modeling work which has beeno the entire mission, the components arising from eastward and done on the EW effect. CEASE data analysis methods are de-

westward traveling protons have been determined in areas of the
SAA where CEASE detection efficiency is not compromised. For scribed in Section III and the comparison of data to theory is
the first time, ratios of these components have been compared presented in Section IV. The paper is summarized in Section V.
to predictions of East-West effect models above 400 km. There
is good agreement in general with the anisotropy becoming ap-
parent at approximately 1200 km (moving down) and increasing I1. MODELS OF THE EAST-WEST EFFECT
rapidly starting at approximately 1000 kin, the magnitude and Protons moving eastward at the location of a satellite have
rate depending on location within the anomaly. Measurements
of the differential flux at 40 MeV are compared to predictions their centers of gyration above the satellite, while the westward
of standard radiation belt models as a function of altitude and moving ones have them below. In a regime where the neutral
found to be substantially higher in magnitude than APS, though a density is changing relatively rapidly, i.e. with a scale height on
comprehensive survey has not yet been performed. the order of the gyroradius, and of a magnitude where it affects

Index Terms-Radiation belts, radiation effects, South Atlantic the motion of trapped protons through ionization energy loss
anomaly. and nuclear scattering, the particles moving westward will have

experienced more neutral density interactions than those trav-
1. INTRODUCTION eling eastward. At a fixed energy and pitch-angle, fluxes mea-

sured by a westward pointing instrument should therefore beA T altitudes below approximately 1000 km the trapped larger than those of a eastward pointing instrument.
proton flux in the inner Van Allen radiation belt is strongly Consider a coordinate system with origin at an observation

influenced by the neutral atmosphere, while above that altitude point in near-Earth space and the z axis aligned with the local
magnetic field effects dominate. The atmospheric influence can magnetic field (B) direction. The y axis points toward the mag-
create an anisotropy in proton fluxes at low altitudes resulting netic east in the direction B x R, where R is the vector from the
in eastward proton fluxes being greater than the westward ones. center of the Earth to the point, and the x - y plane is the local
This "East-West" (EW) effect was first proposed by Lenchek magnetic mirror plane with x = y x z pointing magnetically
and Singer [1] in 1962, and measurements of the effect were "upwards". Let j be a differential particle flux vector expressed
first reported in 1963 by Heckman and Nakano [2]. in the x - y - z system and the corresponding spherical co-

As a consequence of the anisotropic flux distribution radi- ordinate system angles 0 and W' represent the pitch angle and
ation doses received by components in various locations on a east-west angle, respectively, such that 0 < p < ir (7r < 0 <
three axes stabilized spacecraft can vary significantly. Identical 27r) means j points east (west). Assuming that the magnitude
electrical, electronic and electromechanical (EEE) parts located of the particle flux at the observation point is inversely propor-
behind the same amount of shielding material will experience tional to the neutral density at the guiding center of the particle,
different radiation doses and single event effect environments, and that the density varies exponentially with a scale height H,

then the ratio of the magnitude of fluxes traveling in directions
1 and 2 as observed at the origin is
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Effective Area for Selected Telesope and Dosimeter Channels
Further progress can be made by including details of the par- 10°  ... ,. ....... ... . .... .... . .... . ........

ticle pitch angle distribution. Gaussian and more complex distri- .-.
butions, all with the common property of being sharply peaked -4 - 4 - - - - -

about the local mirror plane angle, have been analyzed. Watts - A
et al. [7] have combined the Lenchek and Singer anisotropy w 101" -

function ((1)), the Heckman and Nakano Gaussian pitch angleP d 
-' -. E -

distribution [3] and the omnidirectional fluxes predicted by the .o ,
NASA AP8 model [8] to produce a model of the anisotropic 10-2
flux distribution. Armstrong et al. [9] have integrated the Watts > . .' .
et al. model into a dose prediction tool targeted to space station W
altitudes. Kruglanski [ 101 has produced a tool of the same na-
ture using the more complex Badhwar and Konradi pitch angle 10N
distribution [ 11 ]. Both the Armstrong et al. and Kruglanski ap- : ..... 
plications are available on the SPENVIS website (http://www.
spenvis.oma.be/spenvis/). It should be noted that these models 10-4

[________________ '
have been parameterized to apply to satellites in orbit at alti- 0 5 10 15 20 25 30 35 40 45
tudes of less than approximately 600 km. Angle of Incidence [deg]

Fig. 1. Effective area as a function of angle of incidence resulting from MonteIII. ANALYSIS METHODS Carlo simulations of CEASE dosimeter channel D06 (square) and telescope
channels T06 (circle) and T08 (triangle) with sensitivity to protons of approxi-The TSX-5 spacecraft was launched on June 7, 2000 into a mately >40 MeV, >40 MeV, and >94 MeV respectively.

410 X 1710 km, 69 degree inclination orbit and the CEASE
instrument collected data for the entire mission until termination
on July 5, 2006. CEASE is comprised of two dosimeters and were obtained by assuming that dosimeter channel energy-de-
a particle telescope. The telescope consists of two coaxial Si pendent response function approximates a step function, where
solid-state detectors that measure the energy deposited in them the step occurs at the threshold energy ET, and then demanding
by incident particles, that that the integral flux for energy > ET calculated by inte-

grating the response function with an estimated isotropic powerA. Instrument Characterization law flux distribution is equivalent to the quotient of the channel
Specifications and methods for optimizing the environmental count rate divided by the geometric factor. Though the geo-

information obtained from CEASE are described in detail else- metric factor drops out when comparing ratios of fluxes, the
where [12]-[14] and will be briefly summarized here as they procedure was necessary to estimate the threshold energy and
pertain to protons. The response of the dosimeters and telescope also provided a useful check on the differential flux estimating
to incident protons was extensively modeled using the Monte procedure as described below.
Carlo MCNPX computer code which simulates the passage of 3) Differential Flux at -40 MeV." A spectral inversion
particles through material. Detector responses were determined algorithm utilizing the count rates from one dosimeter and 5
for protons with energies between 20 and 200 MeV and for an- telescope channels was employed to estimate the differential
gles of incidence up to 90 degrees from the center axis corre- flux spectrum. The count rate for each channel is related to the
sponding to the detector look direction. Fig. 1 shows several channel response function and the differential flux j through an
typical simulation results in the form of effective area as a func- integral equation. Assuming an isotropic power law distribution
tion of angle. In general, detection efficiency drops substantially for the flux, the scheme iteratively determines a unique pair of
beyond -30 degrees (-,0.25 max value at 30 deg) thus estab- amplitude and exponent that minimizes the variation of power
lishing an effective symmetric field of view angle of ,-,60 de- law amplitude needed to match the observed count rates across
grees centered on the look direction. Proton beam calibrations all channels. An estimate of the uncertainty then comes directly
of the instruments to validate the computer modeled response from the magnitude of the minimized amplitude variation.
are planned for another identical CEASE flight unit but have
not yet been performed. However, comparisons of the Monte B. Geophysical Domain
Carlo derived results for the angular response of the telescope Count rate measurements in 5 s intervals from all CEASE
have been compared to results of a simple analytical model of channels for the entire mission were binned into a database sepa-
a two element telescope. The agreement between the two dif- rated into geographical cells; 3 degrees x 3 degrees in longitude
ferent calculations is very good. and latitude and 50 km in altitude over the range 400-1650 km.

For this study three specific CEASE outputs are used: To maintain focus on the properties of the trapped proton dis-
1) Total Dose: The total dose was determined by summing tributions all data from time intervals comprising solar proton

the responses of the three linear energy transfer (LET) channels events (SPEs) were removed. A SPE was defined as the time in-
in the dosimeter situated behind 250 mils of aluminum. terval when the Space Environment Monitor (SEM) detector's

2) Integral Energy Flux >40 MeV: An approximation to >10 MeV proton channel on the GOES geosynchronous satel-
the integral energy flux above 40 MeV is determined by ap- lite measured greater than 10 protons/(cn 2 sec str). After SPE
plying an appropriate geometric factor to one of the dosimeter removal there were typically greater than 100 measurements per
LET channels (D06). The geometric factor and threshold energy bin. A background count rate for each channel and altitude was
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Fig. 2. Counts per second in the D06 dosimeter channel for passes through the maximum flux (square). A thick dashed line across the middle
900 km, -9 deg latitude and 300 deg longitude bin as a function of mission time of the a
for the two different look angles (circles and squares) characteristic of the bin.
The solid (dashed) line is the median value of the westward (eastward) looking (containing three stars) with a boundary on the north defined by
angle. Daily averaged FI0.7 flux (dotted line) shows solar activity during the the 1/10 max contour. Obviously the lack of particles to mea-
course of the mission. sure is a good reason for the northern boundary. The reason

for imposing the southern boundary lies in the CEASE angular
determined by performing a Poisson fit to the distribution of response, the particle pitch angle distributions sharply peakednear 90 degrees, and the relative angle between the CEASE
count rates at intermediate latitudes outside of the anomaly but look dreo and the la tic fie aeten the

belo laitues her th teescoe bcoms snsiiveto igh look direction and the local magnetic field as determined by thebelow latitudes where the telescope becomes sensitive to high
energy electrons in the horns of the outer belt. The background spacecraft orbit. Below this boundary the CEASE look angle ismore than 30 degrees away from the local mirror plane thereby
was subsequently subtracted from the channel data. Finally, the le to s f de crase n CEASE counting eey
sequence of measurements from each single pass through a bin leading to significant decrease in CEASE counting efficiency
(typically TSX-5 will have a sequence of several 5 s intervals (Fig. 1) and a consequent increase in uncertainty in the geo-
when going through a bin) was averaged to obtain a reduced set metric factor and spectral fit algorithms employed. Since the
of pass-averaged measurements. detector response has been extensively modeled it is possible

Fig. 2 illustrates a typical distribution of the pass-averaged to develop more complex algorithms to correct for this situation
count rate measurements in the SAA over the entire mission, at least to the degree of uncertainty in the pitch angle distribu-
In this particular case it is data from the D06 channel for a bin tion. Such an effort is underway but will not be reported on here.
at -9 degree latitude, 300 degree longitude and 900 kmn in al- Three specific points (the stars in Fig. 3) have been selected to
titude. A double peak distribution in amplitude is apparent and illustrate the EW effect as a function of altitude.
was found to be correlated with the look direction of the CEASE
detector. On north-to-south passages the look direction had a IV. RESULTS
westward component (squares) measuring eastward traveling
particles while on south-to-north passages the look direction had A. East-West Effect
an eastward component (circles). The solid (dashed) line is the The directional effect observed by TSX5/CEASE was deter-
mean of the west (east) looking measurements. Variations in the mined for the three separate quantities discussed in Section 11 for
look direction with respect to the local magnetic field have vari- each bin by computing the mission average values for each of
ations of less than 5 degrees for either the south or north bound the two look directions characteristic of the bin and then taking
cluster for the entire mission data set indicating that compar- the ratio. These ratios are shown in Fig. 4 as a function of altitude
isons of mission average quantities might yield statistically sig- for the stack of bins at - 18 degrees latitude, 300 degrees longi-
nificant results. Also shown in Fig. 2 is the daily FIO.7 radio flux tude for total dose (circle), integral energy flux (square) and dif-
(dotted line), an indicator of solar activity and a cause of neutral ferential energy flux (triangle). A nearest-neighbor smoothing
atmospheric variation. In the first half of the mission conditions function was applied to the points to remove jitter at the lower
were characteristic of solar maximum whereas the second half altitudes where the counting rates start to decrease. In this figure
captures the decay into solar minimum. "East" (West) implies eastward (westward) traveling protons.

Our analysis is confined to a portion of SAA as mapped out That the ratio is consistent among all three empirical quantities
in Fig. 3 at the altitude of 800 km. The SAAMAP was con- derived using different components of the CEASE instrument
structed from TSX5/CEASE telescope data and is reported else- gives confidence that a real effect is being observed. Similar
where [15]. Closed boundaries representing 1/2 the maximum consistency can be seen in the ratio profiles at -9 degrees lati-
flux (solid), 1/10 the maximum flux (dotted) and 3 times the tude, 309 degrees longitude (Fig. 5) and 0 degrees latitude, 315
background count rate (dashed) are shown as is the point of degrees longitude (Fig. 6). No empirical ratios are shown below
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Fig. 4. Eastward/Westward traveling ratios for total dose (circle), integral en- Fig. 6. Same as Fig. 4 for the 0 deg latitude, 315 deg longitude bin.
ergy flux >40 MeV (square), and differential energy flux at 40 MeV (triangle)
as a function of altitude for the - 18 deg latitude, 300 deg longitude bin. Model
predictions are shown from Lencheck and Singer with density scale heights cor-
responding to an exoatmospheric temperature of 1000 K (solid), 800K (dashed), specific data to specific solar conditions but rather to show the
and 1300 K (dotted). Maximum anisotropy factors from the SPENVIS version degree of variability in the theoretical predictions of the EW
of the Watts et al. model are shown as the thick solid curve. ratio given the broad range of solar activity occurring during

East-West Ratios Lat[deg] = -9 Lon[deg] 309 the TSX5 mission (Fig. 2).
1800 A calculation of the modeled East-West ratios was also

carried out using the SPENVIS anisotropy tool running the
100, o.anisotropy model of Watts et al. [7]. In order to obtain an

estimate of the East-West ratio as a function of altitude for the
1400- 6 TSX-5 orbit we approximated the altitude effect by computing

* the ratios for a series of circular orbits with the same inclination
N 120M as the TSX-5 orbit. Each such constant altitude orbit traverses

nearly the same trajectories through the SAA as the TSX-5
0ooo W6 spacecraft did at that altitude. The output of the calculations

is a surface which is a function of polar and an azimuthal
800- angle, where the polar axis is the spacecraft pointing vector.

Projecting the surface onto the polar angle axis results in a
.... -curve with a maximum at 90 degrees and minima at 0 degrees

and 180 degrees. This is what is expected of a polar angle lying
400, predominantly along the north-south axis, since in that case0.5 1 1.5 2 2.5 3 the minimum flux would be traveling parallel to the magnetic

QuantitYEast/Quantitywest field direction and the maximum in the plane normal to it. The

Fig. 5. Same as Fig. 4 for the -9 deg latitude, 309 deg longitude bin. projection of the surface on the azimuthal axis results in curve
whose maximum is identified with the eastward moving proton
flux and the minimum with the westward one. The resulting

700 km (850 km) in Fig. 5 (Fig. 6) since they define the lower East-West ratios, as a function of the altitude of the circular
boundary of the anomaly at those latitude and longitudes [ 15]. orbits, are shown as the thick solid lines in Figs. 4-6. It should

Predictions of the EW ratio from the Lencheck & Singer be emphasized that this is an upper bound to the empirical ratio
model were made by computing the angles in (1) from aver- since the CEASE look angles were not facing due east or due
ages corresponding to the two characteristic look directions of west in the mirror plane.
each bin. A height dependent gyroradius was calculated using It is clear that the CEASE observations compare favorably
the average magnetic field strength in each bin and assuming to the model predictions. The EW effect is apparent, beginning
a 40 MeV particle. Altitude dependent density scale heights at approximately 1200 km going down in altitude with rate of
were taken from the Jacchia 1977 neutral density model [16]. change increasing substantially below approximately 1000 km.
The solid, dashed and dotted lines in Figs. 4, 5 are the model Empirical ratios are close to the Lencheck and Singer predic-
East-West differential flux ratios ((I)) for density scale heights tions when variation due to solar activity are taken into account
profiles representing an exoatmospheric temperature of 1000 K, and nearly always less then the upper bound predicted by the
800 K and 1300 K, respectively, corresponding to solar average, SPENVIS tool except at the highest altitudes where the assump-
solar quiet, and solar active conditions. Our intent is not to match tion of scaling of flux magnitude as the inverse of the density
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Differential Flux 40 MeV Latdeg] =-18 Lon(degl = 300 to the other two models, and sometimes smaller in magnitude,1800

especially at lower altitudes.
1600 _ -

V. CONCLUSION
1 _ Measurements of the anisotropy of total dose and energetic

T 1200 - !W proton flux have been made over a broad region of the SAA at
C / altitudes from 400-1700 km and have compared favorably to
_ 1000/ predictions of the Lencheck and Singer [1]. The effect is not

< Tapparent above 1200 km and starts increasing rapidly below
800 ,// •1000 km with the rate of increase depending on location in the

anomaly. For the purposes of spacecraft design it appears that
600 - use of the Lencheck and Singer formula ((I)) is sufficient to es-

timate the magnitude of directional effects, albeit perhaps using
400 several density scale height curves to span the range of neutral1 1 1#/cm2sstr-MeVj density variation likely to be encountered. Preliminary compar-

isons of the magnitude of the 40 MeV differential flux to pre-

Fig. 7. Differential flux at 40 MeV verses altitude for CEASE measurements of dictions from the AP8, CRRESPRO and TPM- I models indicate
eastward (square) and westward (circle) traveling fluxes. Model predictions are that TPM- I gives the best agreement; the data values always ex-
shown from AP8 for min (dark solid) and max (light solid), from CRRESPRO
for quiet (dark dotted) and active (light dotted), and from TPM- I for F0.7 = 95 ceed the AP8 prediction.
(dark dashed) and 173 (light dashed). For a given model the dark curves have Future work will focus on improving the geometric factor
the larger flux values at lower altitudes, and spectral inversion algorithms so as to better resolve pitch

angle distributions which peak well off the CEASE look angle,
thereby increasing the area of the SAA which can be accurately

breaks down. The profiles in Figs. 4-6 are typical of what is investigated by these techniques. A more comprehensive com-
seen throughout the analysis region mapped in Fig. 3. parison of the differential flux measurements to the models at

different locations and different energies is also warranted.
B. Differential Flux
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